When 2D Materials Meet Molecules: Opportunities and Challenges of Hybrid Organic/Inorganic van der Waals Heterostructures by Gobbi, Marco (Marco Gobbi (gobbi@unistra.fr)) (author) et al.
  
1 
 
DOI: 10.1002/ ((please add manuscript number))  
Article type: Progress Report 
 
When 2D materials meet molecules: opportunities and challenges of hybrid 
organic/inorganic van der Waals heterostructures.   
 
 
Marco Gobbi, Emanuele Orgiu, Paolo Samorì*  
 
 
 
Dr. M. Gobbi, Prof. E. Orgiu, Prof. P. Samorì 
University of Strasbourg, CNRS, ISIS UMR 7006, 8 allée Gaspard Monge, F-67000 
Strasbourg, France. 
 
Dr. M. Gobbi 
Present address: Centro de Fisica de Materiales, Paseo Manuel de Lardizabal, 5 – E-20018 
Donostia – San Sebastián (Gipzukoa) – Spain 
 
Prof. E. Orgiu 
Present address: Institut national de la recherche scientifique (INRS), EMT Center, 1650 
Boulevard Lionel-Boulet, J3X 1S2 Varennes, Quebec, Canada 
 
 
E-mail: samori@unistra.fr 
 
 
 
Keywords: 2D materials, devices, molecular self-assembly, van der Waals heterostructures, 
functional materials.   
  
  
2 
 
Abstract 
Van der Waals heterostructures, composed of vertically stacked inorganic 2D materials, 
represent an ideal platform to demonstrate novel device architectures and to fabricate on-
demand materials. The incorporation of organic molecules within these systems holds an 
immense potential, since while nature offers a finite number of 2D materials, an almost 
unlimited variety of molecules can be designed and synthesized with predictable 
functionalities. The scope of this work is to emphasize the possibilities offered by systems in 
which continuous molecular layers are interfaced with inorganic 2D materials to form hybrid 
organic/inorganic van der Waals heterostructures. Similarly to their inorganic counterpart, the 
hybrid structures have been exploited to put forward novel device architectures, such as 
antiambipolar transistors and barristors. Moreover, specific molecular groups can be 
employed to modify intrinsic properties and confer new capabilities to 2D materials. In 
particular, we will highlight how molecular self-assembly at the surface of 2D materials can 
be mastered to achieve precise control over position and density of (molecular) functional 
groups, paving the way for a new class of hybrid functional materials whose final properties 
can be selected by careful molecular design.  
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1. Introduction 
The isolation of single layers of graphene[1] relies on the peculiar crystal structure of graphite, 
in which in-plane covalently bridged crystalline networks of carbon atoms are held together 
by out-of-plane inter-layer weak van der Waals (vdW) forces. A similar layered structure is 
encountered in nature in a variety of compounds, including boron nitride and the wide classes 
of transition metal dichalcogenides (TMDCs) and X-enes, to name a few. In analogy to 
graphite, several of such layered materials can be exfoliated to the single- or few- layer 
limit,[2–6] constituting the foundation for a new class of materials, i.e. two-dimensional 
materials (2DMs).[7,8]  
All the constituents of the 2DM family are characterized by ultra-high surface sensitivity, 
determined by the presence of two exposed surfaces without a bulk separation. Apart from 
sharing this property, 2DMs feature a wide range of diverse electronic, optical and magnetic 
properties arising from the different chemical composition and crystal structure of the in-
plane covalent crystalline sheets in the different bulk layered materials.[7–11] The variety of 
such physical properties inspired the idea of using 2DM as building blocks to assemble 
vertically-stacked structures in which different layers are kept together by vdW interactions – 
the so-called van der Waals heterostructures (vdWH).[12,13] The resulting systems also possess 
a layered structure analogous to that of graphite and other layered systems, with the 
fundamental difference that the atomically-thin planes differ from one another, and the 
interlayer alignment is determined by the mechanical superposition of the different layers,[14] 
which is a priori difficult to control with an atomic precision. Based on these artificial 
systems, atomically-thin devices with unconventional functionalities have been 
demonstrated,[15] such as (tunnelling) transistors,[16] p-n and tunnelling diodes, [17,18] 
photovoltaic elements, light-emitting diodes/transistors.[17,19] From a fundamental point of 
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view, the properties of the 2DMs arranged in vdWHs are profoundly different from those of 
their isolated components, since interlayer vdW interactions, although weak in nature, affect 
dramatically their electronic,[20–23] optical,[17,24] and magnetic[25–27] properties. In this regard, 
making use  of 2DMs stacked in vdWH represents a valuable strategy to fabricate novel 
artificial materials with ad-hoc properties.[12,13,15]  
Molecules offer a unique opportunity to widen the horizon of vdWHs. Unlike inorganic 
2DMs in which the properties of a single layer are determined by the pristine atomic 
arrangement,[9,10] the almost unlimited degrees of freedom in molecular design offer the 
possibility to synthesize molecules with functional groups with electronic, optical and 
magnetic properties that can activate specific atomic/molecular interactions with 2DMs.[28–30] 
While the number of potentially available 2DMs is estimated around several hundreds,[31] an 
almost unlimited number of molecules can be synthesized[32,33] (Figure 1). Following the 
original visual comparison between inorganic 2DMs and flat LEGO bricks,[12] molecules can 
be considered as dot-like quasi-0D LEGO blocks, which form continuous 2D layers onto 
inorganic 2DMs, with thicknesses ranging from that of a monolayer up to several tens of 
nanometers (Figure 1). While atoms within inorganic monolayers are covalently bound,[7–10] 
molecules within organic layers are held together by weaker non-covalent interactions such as 
vdW, dipole-dipole or electrostatic forces.[34–41] Importantly, supramolecular interactions can 
be mastered[42] to generate self-assembled crystalline organic films at the surface of inorganic 
2DMs. Within such molecular layers, molecules can be positioned with atomic precision and  
be oriented along a given direction (Figure 1).[34–41] Thanks to the periodicity provided by the 
long-range crystalline ordering, analogous molecule-2DMs interactions recur at each 
"molecular site" at the organic/inorganic interface, inducing a surface modification which is 
spatially homogeneous at a mesoscopic scale. As a consequence, the local variations in the 
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energetics of 2DMs caused by the presence of individual molecules collectively sums-up 
yielding non-local macroscopic effects indeed arising when the 2DM surface is covered by a 
crystalline molecular assembly. The interactions of such molecular layer with the inert surface 
of 2DM are mediated by vdW forces analogous to those between different inorganic sheets, 
[34–40,43] so that similar interface effects can be envisaged in both cases, making 
organic/inorganic architectures the hybrid equivalent of fully-inorganic vdWHs. The analogy 
is even more profound if one considers that crystalline molecular monolayers can be 
obtained[44–69] that can be integrated in complex multi-layered heterostructures composed of 
alternating organic/inorganic single layers. 
Likewise their inorganic counterpart, hybrid vdWHs have been characterized and employed 
with two distinct goals, i.e. demonstrating novel device architectures[70–77] and modifying 
fundamental physical properties of 2DMs[68,78–82]. In the first case, the electrical current flows 
vertically from a 2DM into a molecular thin film. Hence, the molecular layer is required to 
transport electrical current, and as such organic semiconductors are employed. In the second 
case, molecule-induced modifications in 2DMs are typically read out electrically in lateral 
devices, wherein the electrical current flows within the 2DM under the influence of the nearby 
molecular layer. In this case, the modulation in the physical properties of 2DMs is determined 
by their interaction with (insulating) molecules featuring specific functional groups, for 
instance electron acceptors or donors. 
Here, we discuss recent progress in the field of hybrid organic/inorganic vdWH, by 
highlighting the most promising directions as well as the open challenges in the field. The 
results are presented in order of increasing complexity and control over the molecular/2DM 
systems. In section 2 we present the device perspective of hybrid vdWHs, analysing novel 
device architectures in which the molecular layer is not intended to introduce fundamental 
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variation in 2DMs, but rather to provide semiconducting functionalities to the hybrid 
heterostructure. From section 3, we change the point of view and focus on the molecule-
induced modification in 2DM, describing the nanoscale effects which take place whenever 
molecules are in contact with the surface of 2DMs. In section 4, we explain how molecules 
with unique capabilities with no analogue in inorganic materials can be exploited to impart 
novel responsivity to 2DMs. Finally, in section 5 we focus on supramolecularly engineered 
hybrid vdWHs, by showing how the control over the structure of the organic layer allows to 
extend the nanoscale effects described in Section 3 over macroscopic distances, resulting in a 
very fine manipulation of the intrinsic electronic properties of 2DMs. 
We highlight that in all these experiments the crystal structure of 2DMs is unaltered, and the 
molecule-induced modification are mostly induced by vdW or electrostatic forces. In this way, 
the outstanding electronic properties of 2DMs[7–11] are retained and coupled to molecular 
capabilities. In contrast, different strategies are appearing to modify the properties of 2DMs 
by covalent molecular decorations,[83–87] so that modification in the 2DMs arise from a direct 
rearrangement in their crystal structure. Such approach, which has the potential to relief 
crystalline defects,[85] is fundamentally different from that of the non-covalent hybrid vdWH 
discussed so far, and will not be discussed in this Progress Report. 
  
2. van der Waals heterostructures: a device perspective 
Electronics based on 2DMs and molecules is nowadays a widely explored research field. In 
several works, graphene is used as a conductive transparent electrode providing electrical 
contact to an organic semiconductor, both in lateral (transistor-like)[88–90] or in vertical 
geometries.[91] For a complete overview about electronics based on graphene/organic 
semiconductors, we refer the reader to a recent review.[92]  In this section, we will focus on 
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two device architectures, which clearly show the potential of hybrid vdW heterostructures to 
fabricate unconventional devices with unique capabilities.  
In both cases, the devices exploit the semiconducting nature of certain organic molecules, 
whereas a 2DM/molecules interface plays a central role in determining the device 
performances. In particular, both device architectures are characterized by the presence of a 
relatively thick and structurally uncontrolled organic thin film physisorbed onto different 
2DMs, typically MoS2 or graphene. As we shall demonstrate, the devices benefit from a 
controllable modification of the energetics at 2DM/molecules interfaces, achievable through 
the application of an electric field generated by a gate terminal. 
 
2.1 Gate-tunable p-n heterojunctions: anti-ambipolar transistors 
Due to its intrinsic n-type doping[5,93], MoS2 can be employed in combination with another p-
type material to demonstrate p-n heterojunctions. Such possibility was initially demonstrated 
for all-inorganic heterostructures, in which WSe2 acted as p-type semiconductor.[17] The 
possibility to use an organic semiconductor as hole conductor was successively explored by 
different groups in 2015.[70–72] In all cases a device architecture similar to that shown in 
Figure 2a was employed, in which one metal electrode contacts a mechanically-exfoliated n-
type MoS2 flake, and the second one is solely connected to a p-type organic film. The partial 
overlap between the organic films and the MoS2 flake defines a p-n junction while a Si/SiO2 
substrate was used to apply a back gate. As compared to fully inorganic vdWHs, the use of 
organics allows a facile device fabrication by avoiding the cumbersome flake-to-flake 
alignment and thus paving the way for up-scalability.  
The device fabrication started by the definition of (at least) two Au electrodes in the proximity 
of a MoS2 flake, one being in contact with it and the other being separated by a distance in the 
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few-micrometers range. Then, an organic layer was deposited contacting the separated Au 
electrode and the MoS2 flake. In one case, the p-type organic semiconductor was a rubrene 
crystal[70], which was mechanically placed onto a pre-contacted MoS2 flake by optical 
alignment under a microscope. In the other works[71,72], two step e-beam lithography was 
exploited to first define the Au electrodes and subsequently to open a window in a resist film 
to define the active device area by exposing only the region in which the organic 
semiconductor was required. A thin film of small molecule (copper phthalocyanine[71] and 
pentacene[72]) was then evaporated on the so-obtained structure, with the resist acting as a 
mask and ensuring electrical insulation between the semiconducting molecules and the Au 
electrodes on MoS2.  
The so-obtained 2DM/organic p-n junctions exhibited a rectifying (diode-like) behaviour 
which could be modulated by the back-gate potential. Here, we discuss in detail the electrical 
characteristics of the devices based on the MoS2/pentacene heterojunction,[72] but similar 
results were obtained in the other cases. Figure 2b shows a 3D plot of the transfer curves 
measured at different applied gate potentials in MoS2/pentacene devices. At either extremes of 
the gate range, the MoS2/pentacene heterojunction is characterized by a nearly insulating state, 
while at intermediate values it displays a highly rectifying output. The rectification at 
intermediate gate voltages can be understood in analogy to any p-n junction, i.e. high current 
flows through the device when the drain-source polarity allows electrons to be injected into 
the n-type MoS2 and holes into the p-type pentacene, while it is several orders of magnitude 
lower for the opposite polarity. Instead, the insulating behaviour at large gate bias can be 
understood on the basis of the electrical characterization of the separate layers of MoS2 and 
pentacene, as addressed separately (Fig. 2c). Since MoS2 (pentacene) is an n-type (p-type) 
semiconductor, it is OFF at large negative (positive) gate voltages, i.e. it behaves as an 
  
9 
 
insulator. Since the heterojunction is composed of the series of the two materials, the overall 
current reflects the rule of addition of resistances in series, and as such it is sizable only in the 
intermediate voltage region, in which both materials are ON. The term anti-ambipolarity was 
coined to describe such electrical characteristics, well-capturing the unconventional behavior 
of 2DM/organic heterojunctions.  
The photoresponse of these systems was also characterized for the three systems highlighted 
in Fig. 2.[70–72] For the MoS2/pentacene heterojunction displayed in Figure 2d, a photocurrent 
map was performed in which a diffraction-limited laser beam was scanned over the device, 
while the current was recorded as a function of position. Figure 2e shows the map of 
photocurrent, which surprisingly indicates that the photocurrent is mostly generated at the 
one-dimensional MoS2 flake boundary. Indeed, one would naively expect the photocurrent to 
be generated at every position within the p-n junction, i.e. all over the region of overlap 
between MoS2 and the organic layer, and not only at the edge of the 2DM. This finding was 
explained on the basis of the different direction of the local electric field and on the different 
morphology of the organic layer on the MoS2 and outside of it, indicating that the MoS2 edge 
possessed a primal role in the determination of the photoresponse. This characteristic 
represents a clear difference with respect to fully-inorganic vdWH,[17]  and the presence of 
such sharp quasi-1D interfaces might lead to other unique features, such as light emission 
from a 1D region. Indeed, the possibility to obtain hybrid gate-tuneable light-emitting p-n 
junctions based on 2DM/molecules remains so far unexplored. More recently, the role of 
charge traps in similar structures was investigated in detail[94], and an optimization of the 
device characteristics was accomplished by adopting high quality organic single crystals 
instead of polycrystalline films[95].  
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2.2 Vertical field-effect transistors: graphene barristors 
The 2D nature of graphene enabled the demonstration of a novel vertical field-effect transistor 
device architecture, called barristor.[96] The latter is based on the unique possibility of 
modulating the Shottky barrier at a graphene/semiconductor interface. After the first 
demonstration of a barristor based on a graphene/Si interface[96] and of analogous device 
structures based on fully inorganic vdW heterostructures[16,97–99], it was soon realized that 
organic semiconductor could well be used in the same device architecture[73], since an energy 
barrier for carrier injections also forms at the interfaces between conductive materials and 
organics.[100–102] 
The typical device architecture of a graphene/organic barristor is portrayed in Figure 3a. 
Graphene is used as a source terminal in a vertical structure composed of an organic 
semiconductor layer contacted by a top metal contact (the drain), while a Si/SiO2 substrate is 
employed as gate. The working mechanism is explained with the help of Fig. 3b-c, in which 
the organic semiconductor is assumed to have n-type character. In analogy to the case of 
common metals, a potential barrier for charge carriers (called Schottky barrier) is formed at 
the interface between graphene and semiconductor, ruling the charge injection from graphene 
into the organic semiconductor. Typically, in air environment the graphene is p-doped,[103] 
thus the energy barrier to n-type organics is significant, resulting in an unfavorable charge 
injection from graphene to the semiconductor. Therefore, in the absence of an applied gate 
voltage, graphene/organic/metal tri-layers behave as a so-called Schottky diode, with strongly 
asymmetric electrical characteristics showing low (high) current when electrons are injected 
by graphene (top metal contact). Unlike the case of common metals, the work function of 
graphene can be tuned by the application of an external gate potential,[104] which effectively 
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changes the barrier height.[96] In turn, this effect strongly affects the charge injection, which 
can be favoured by the application of a proper (negative) gate bias.  
The electrical characteristics of a C60-based barristor are displayed in Figure 3d, showing an 
almost ideal modulation of the electrical current injected from the graphene.[74] The 
graphene/C60/top metal contact (Al in this case) is asymmetric at VGS = 0 V, since a relatively 
high energy barrier prevents an efficient electron injection from graphene into C60. The 
application of a gate voltage effectively tunes the Schottky barrier, resulting in a four-orders-
of-magnitude modulation of the injected current from an OFF state (insulating) to an ON state 
(conductive). A careful study of similar C60-based vertical transistors[75,77] revealed that the 
change in the injected current was not only due to a modulation of the energy barrier, but also 
to the fact that the graphene layer does not perfectly screen the gate electric field, which 
extends in the C60 layer causing a local redistribution of charge carriers. Analogous results 
were demonstrated in very similar C60-based vertical transistors,[74–77] as well as in other n-
[105–107] and p-type[73,77,105–109] organic semiconductors. Moreover, a complementary inverter 
was fabricated by connecting an n-type and a p-type vertical transistors. While the gain was 
not very high (as shown in Figure 3e), it could certainly be further optimized, thus opening 
the way to logic operations based on barristors.[105,106]  
In light of these results, vertical field-effect transistors based on hybrid vdW heterostructures 
hold a great technological potential, since their fabrication is straightforward, up-scalable and 
applicable on flexible substrates, yielding graphene-based transistors featuring relatively high 
ON-OFF ratios, which cannot be obtained in normal graphene based field-effect transistors. 
Moreover, the relatively low mobility of organic semiconductors,[110] does not play a primal 
role in the determination of the barristor performances.  
Finally, we highlight that so-far uncharted effects might be demonstrated in barristor 
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architectures analogous to those described here. For instance, we propose a device 
architecture in which light emission could be switched ON and OFF by a gate voltage. In such 
device, schematically shown in Fig. 3f, a light-emitting organic p-n bilayer sandwiched 
between two graphene sheets onto a Si/SiO2 substrate, and the band alignment can be 
carefully controlled by graphene doping.[106] Under optimized conditions, light emission 
would only take place when a sizable current flows through the stack, i.e. when a proper gate 
voltage is applied, while no light emission is expected in the OFF state. In this regard, hybrid 
vdWH might enable the demonstration of unprecedented multifunctional light-emitting 
vertical transistors. 
 
3. Molecules on 2D materials: doping and beyond. 
The works presented in the previous section clearly indicate the technological relevance of 
hybrid vdWHs, the latter enabling the fabrication of unconventional devices with unique 
capabilities. From this section on, we focus on the intriguing possibility to modify intrinsic 
properties of 2DMs in a controlled manner via non-covalent interactions with molecules and 
assemblies thereof. In particular, in this section we describe the effects which take place at the 
nanoscale when molecules are in contact with 2DMs. In subsection 3.1, we will first focus on 
the nanoscale origin of the doping effect,[78,79,111,112] i.e. the change in charge carrier 
concentration within 2DMs. Later on (subsection 3.2), we will show how nanoscale effects at 
molecules/2DMs interfaces can be tailored at a more profound level, to deeply affect 
fundamental characteristics of 2DMs, such as their superconductivity and magnetic properties. 
Within this discussion, it will emerge that the molecules employed to modify the intrinsic 
properties of 2D materials possess characteristics which are markedly different from those of 
the organic semiconductors employed in the device architectures described in Section 2.  
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3.1 Nanoscale origin of molecular doping. 
Already in the early days of graphene, it was demonstrated that the interaction of gas 
molecules with the graphene surface can induce a notable change in the charge transport 
properties of the latter[78,111], effectively introducing additional charge carriers, and thus acting 
as dopant species. This first report marked the birth of the so-called molecular (or chemical) 
doping of graphene, a field which grew steadily in the next years.[79,112–115] Similar effects 
were successively measured in mono- and few- layers of TMDCs[80,116–119] and X-enes[120]. 
Nowadays a rather vast literature exists about molecular dopants of 2D materials, and well-
established concepts inherited by organic electronics have been applied to select or design p- 
or n- type molecular dopant.[121] In this section, we briefly review the main mechanisms 
which lead to the doping, not with the purpose of being comprehensive, but rather to give a 
nanoscale insight into the effects which take place at 2DM/molecules interfaces and which are 
capable of modifying the electronic properties of 2DMs. 
Doping effects are typically explained in terms of charge transfer[112] or molecular-dipole-
induced shift in work function.[115] In the case of charge transfer, the doping effects are caused 
by the energy level alignment, which makes it favourable for an electron to be transferred 
from the 2DM to the molecule (or viceversa). In contrast, dipole-mediated doping can 
potentially take place any time that polar molecules are physisorbed on 2DMs. In this case, 
the electric fields emanating from the dipoles act as a local gate, capable of shifting the 2DM 
work function and thus inducing doping.[122] More specifically, the extent of the doping also 
depends on the mutual orientation of the dipolar group with respect to the normal to the 
surface. While the two effects are normally concomitant and difficult to disentangle, Figure 4 
displays two exemplary cases in which either effect was dominant in the determination of the 
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doping in few-layer TMDC. Neutral benzyl-viologen was used to induce pure charge transfer 
and act as electron donor, as shown in Figure 4c.[123] Benzyl-viologen has one of the lowest 
reduction potentials among all electron-donor organic molecules, so that in neutral form it 
transfers electrons to electron acceptor materials, such as MoS2[123] or graphene.[124] This can 
be understood on the basis of the energy diagram shown in Fig. 3b, which depicts the energy 
level between the conduction band edge of MoS2 and the reduction potential of the BV 
molecule. Since there is an offset between the MoS2 conduction band and the molecular 
reduction potential, it is energetically favourable for an electron to be transferred from the 
molecule to the MoS2. This effect was read out electrically in transistors as an increase in the 
concentration of free electrons available for charge transport, i.e. n-type doping (Figure 4c). In 
contrast, in the case of Figure 4d-f, octadecyltrichlorosilane OTS was demonstrated to induce 
p-type doping on WSe2.[117] OTS are wide bandgap molecules, with energy levels lying far in 
energy from those of WSe2, thus hindering efficient charge transfer. Therefore, in order to 
explain the doping effects, the authors hypothesize that OTS molecules are self-assembling on 
the WSe2 surface in such a way that aligned molecular dipoles induce a shift in the WSe2 
work function readable at the device level as a shift in threshold voltage, which is ascribable 
to a p-type doping (Fig. 4e-f). Therefore, the molecular self-assembly, which ensures that all 
molecular dipoles are oriented along the same direction, has a fundamental role in the 
determination of the effects taking place at molecules/2DMs interfaces, even if in this case the 
role of the molecular orientation was only a posteriori inferred on the basis of the electrical 
results, without a direct characterization of the nanoscale ordering, e.g. by means of Scanning 
Tunneling Microscopy (STM) or X-ray based methods. The importance of studying the 
nanoscale assembly as well as the opportunity offered by its precise control will be treated in 
detail in Section 5.  
  
15 
 
Due to the ubiquity and reproducibility of the reported doping effects, it is often assumed that 
when molecules are physisorbed on 2D materials only doping should be expected. Here we 
like to point out that while doping effect are indeed a key feature of 2DM/molecules 
interfaces, recent reports seem to indicate otherwise. Molecular doping effects represent only 
one among the possible effects taking place at the interface between organics and 2DMs.  
 
3.2 2DMs/molecules interactions beyond doping: towards modification of fundamental 
properties.  
In this section, we shall review two experiments in which molecular decoration is tailored to 
induce significant changes in fundamental properties of 2DMs. In a first experiment, 
molecular physisorption is exploited to open a bandgap in bilayer graphene; in a second one, 
to modify the superconducting transition in a 2D In layer. In both cases, control over the 
molecular assembly does not play an important role, while we shall discuss in the section 4 
studies in which active control over molecular arrangement is fully exploited to modify the 
properties of 2DMs in a controlled manner.  
In bilayer graphene, a bandgap can be opened and manipulated by out-of-plane electric fields 
that break the spatial inversion symmetry.[125,126] This task has been achieved by using devices 
in dual gate configuration,[127–133] or by means of molecular dopant species which exert 
significant electric fields to graphene.[124,126,134] A chemical-engineering approach to the 
bandgap opening in bilayer graphene was demonstrated by Park et al.[135]. In their study, the 
authors employed bilayer graphene mechanically exfoliated onto a SiO2 substrate which was 
previously covalently functionalized with a self-assembled monolayer exposing an n-doping 
amino group (NH3). Subsequently, a layer of (p-dopant) 2,3,5,6-tetrafl uoro-7,7,8,8-
tetracyano- p –quinodimethane F4-TCNQ[112] was evaporated onto the top graphene surface, 
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forming a sandwich structure in which the bilayer graphene was in contact with a bottom n-
type and a top p-type dopant. In these conditions, strong electric fields perpendicular to the 
bilayer graphene developed, effectively opening a bandgap. These results were confirmed by 
a study of the electrical characteristics of the bilayer graphene. In particular, it was shown that 
not only the amino-SAM introduced a shift of the Dirac point towards negative values, 
indicative of n-doping, but also increased the ION-IOFF ratio as compared to the case of bare 
SiO2 (Figure 5a). This result was explained by the opening of a bandgap due to the electric 
fields introduced by the bottom layer (Figure 5b). The deposition of the top F4-TCNQ layer 
would induce p-type doping and further increase the ION-IOFF ratio in bilayer graphene, 
demonstrating the widening of the bandgap as a consequence of an enhanced perpendicular 
electric fields across the sandwich structure (Fig. 5b). Joint electrical and optical 
characterization revealed a significant bandgap between 100 and 200 meV, therefore 
demonstrating that significant variation in the band structure of a 2DM could be achieved 
thanks to molecular decorations. 
In a more recent study,[81] Yoshizawa et al. investigated the effect of a molecular adlayer on 
superconductivity in 2DMs. In particular, the authors studied heterostructures composed of 
two phthalocyanines coordinating different metal ions (Mn, Cu) onto an In monolayer 
epitaxially grown onto Si (Figure 5c). It was demonstrated that the critical temperature to 
enter the superconducting regime in heterostructures could be controllably modified, and in 
particular it could be increased or decreased by the interaction with an adlayer of Cu- or Mn- 
phthalocyanine, respectively (Figure 5d). To unveil the mechanism behind the measured 
effects, the authors combined a variety of techniques, including scanning tunneling 
microscopy (STM), angle-resolved photoemission spectroscopy (ARPES), X-ray magnetic 
circular dichroism (XRMCD) and ab initio calculations. In the Mn-case, a d- molecular 
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orbital bearing a magnetic momentum extend to the In monolayer, suppressing the 
superconductivity due to the magnetic pair breaking effect, therefore decreasing the transition 
temperature. The same effect was not found when Cu was employed, in which case d-orbitals 
are confined within the molecule. The increase in transition temperature was then explained 
by a molecule-induced p-type doping of the In layer. The results of these study show the 
possibility to tune fundamental parameters of 2DMs, and highlight the importance of a 
comprehensive understanding of the effects occurring at the 2DM/molecules interface. In 
some cases, not only charge- but also spin-related phenomena should be taken into account to 
draw a full picture of hybrid vdWHs.  
The effect of molecular decoration on a superconductive 2DM was also investigated in 
another recent work.[136] In this case, the decoration of superconductive NbSe2 with hydrazine 
molecules was shown to modify the magnetism of the 2DM, leading the authors to the 
conclusion that a ferromagnetic state was induced in NbSe2. Such effect was explained on the 
basis of a structural modification in the NbSe2 structure, triggered by the hydrazine molecules. 
However, the system studied were rather different from the perfect 2DMs considered so far – 
the NbSe2 was chemically obtained by Li intercalation, resulting in defective nanosheets 
casted over a substrate or assembled to form a relatively thick film. The exact role of the 
hydrazine molecules was only indirectly inferred and supported by calculation, but direct 
nanoscale evidence of the proposed mechanism was not provided. Further studies should be 
performed to confirm that hydrazine-induced ferromagnetism is maintained in ideal NbSe2 at 
the monolayer level.  
The modulation of intrinsic magnetic properties of 2DMs by proximity of molecular adlayers 
with peculiar spin textures is an extremely intriguing direction in the 2DM research which is 
still in its infancy. While long-range magnetic order was found in a molecular assembly on 
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graphene,[55] whether or not (ferro)magnetism can be induced in a 2DM by proximity effect to 
a molecular assembly is still an open question.   
  
4. Hybrid van der Waals heterostructures with additional molecular functions. 
In the previous section, we have described how the interaction between ad-hoc functional 
groups and 2DMs results in a modulation of the properties of the latter. Here, we take a step 
further by describing the effect on 2DMs of specific functional groups which have no 
analogous in inorganic systems. Certain moieties possess optical,[137–139] magnetic[140–142] and 
electronic[143,144] properties that can be controllably switched between two (meta-) stable 
states in response to external stimuli. Such molecular switches can be combined to 2DMs to 
demonstrate novel devices with a stimuli-responsive nature inherited by the molecular layer. 
Importantly, thanks to their ultra-high surface sensitivity, the electrical characteristics of 
2DMs can be modified by a switch taking place in a physisorbed adlayer, without need of 
strong chemical bonds which would introduce structural and electronic defects in the structure 
of 2DMs. Therefore, the impressive electrical characteristics of pristine 2DMs can be retained 
and coupled to the unique functions of molecular switches to demonstrate high-performance 
multi-responsive opto-electronic or magneto-electronic devices. In particular, we shall 
describe experiments in which spin-crossover and photochromic molecules are employed to 
introduce a variation in the electrical characteristics of 2DMs. 
 
4.1 Spin crossover molecules.  
The spin crossover phenomenon involves the controllable switching process between two 
molecular states characterized by different spin configurations, namely a high spin, HS and a 
low spin, LS configuration.[141,142] Such effect takes place in metal-organic complexes in 
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which typically a Fe atom is coordinated by organic ligands, and can be triggered by different 
external stimuli, such as temperature, pressure, electrical potential and light. The possibility to 
read out the spin state of spin-crossover molecules on the surface of 2DMs by transport 
measurements was demonstrated only recently.[145] In this study, a continuous film composed 
of spin-crossover molecules assembled in nanoparticles[146] was deposited on the surface of 
CVD graphene (Figure 6a). From previous studies, it was known that temperature could be 
used to switch such SCO nanoparticles from a LS state below approximately 320 K to a HS 
state above approximately 380 K. Between these two temperatures, the SCO nanoparticle 
displayed a bistable hysteretic behaviour.  
The resistance of CVD graphene was measured as a function of temperature and gate voltage 
in a four-probe contact configuration before and after decoration of the device with a layer of 
spin-crossover nanoparticles. It was found that the presence of the SCO nanoparticles induced 
p-type doping, recorded as a positive shift in the position of the charge neutrality point. The 
measurement of the electrical characteristics of the graphene/SCO system are shown in Figure 
6b as a function of temperature for the heating (top) and cooling (bottom) modes. While in the 
former case a pronounced decrease of the resistance was observed above the switching 
temperatures of 374 K, in the latter case a specular resistance increase was observed below 
327 K. The resistance switch is even more evident in Figure 6c, in which the resistance at the 
Dirac point is plotted as a function of temperature. Such variation in the graphene resistance, 
which was not measured for the pristine CVD graphene, resembled and closely matched the 
switch and hysteresis of the SCO complex, demonstrating that the spin transition could give 
rise to a change in the charge transport characteristics in graphene which can be detected at 
the device level. According to the authors, such electrical readout of the magnetic state was 
mediated by a change in the dielectric constant of the SCO film, which accompanies the spin 
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transition and modifies the remote interfacial phonon scattering, responsible for the 
degradation of graphene mobility.  
This investigation clearly shows that the magnetic switch of SCO nanoparticles can be 
detected in the electrical transport of graphene devices. As compared to other molecular 
switches (see below), the effects presented in this study are relatively weak. Stronger changes 
in the graphene characteristics would be expected if the metal ion group in the SCO were 
placed closer to the 2DM surface. In this regard, the synthesis of on-purpose SCO, designed 
to self-assemble on the 2DM with the central ion in close proximity to the surface would be 
highly beneficial to amplify the measured effects. An interesting development could be the 
investigation of the effect of the SCO switch onto the graphene spin-related properties (e.g. 
spin lifetime).  
 
4.2 Photochromic molecules.  
Photochromic molecules can be reversibly switched upon irradiation at selected wavelengths 
between two isomers characterized by very different properties.[147] The most widely used 
photochromic molecules are azobenzenes,[137] diarylethenes[138] and spiropyrans.[139] In each 
case, the isomerization introduces a major change in different molecular properties. In 
particular,  a significant variation in molecular spatial arrangement exists between the so-
called trans and cis configuration, that feature different conductivity, in azobenzenes.[137] As 
for diarylethenes, a large energetic change in the electronic levels accompanies the transition 
between the open and the closed form[138] whilst a sizeable molecular dipole intensity does 
occur for spiropyrans.[139]  
As compared to the case of SCOs, the study of hybrid vdWH comprising a layer of 
photochromic molecules is in a more advanced stage. A pioneering study focused on 
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graphene as standard 2DM, showing a light-induced response in its electronic characteristics 
when covered with azobenzenes.[148] In this case, a graphene field-effect device was covered 
with a physisorbed layer of photochromic molecules (Figure 6d). The presence of the 
azobenzenes (in trans form) was found to shift the Dirac point towards positive values as 
compared to the pristine case, introducing significant p-type doping (Figure 6e). The device 
was then irradiated by UV light to induce the trans-to-cis switch in the azobenzene layer. As a 
consequence of the UV irradiation, a small shift of the Dirac point to lower values was 
observed, corresponding to a reduction in the p-type doping. The full p-type doping of the 
trans form could be recovered by irradiation with visible light, showing the reversibility of the 
effect (Figure 6e). The same effect could be followed by Raman microscopy[149,150] by 
monitoring the position of the G-peak, as shown in Figure 6f. Initially, the G peak lies at 1581 
cm-1, indicative of relatively low intrinsic doping.[151] After the deposition of the azobenzene 
derivative in the trans form, the G peak shifted to 1591 cm-1, indicative of significant doping. 
UV light irradiation was found to decrease the doping level, shifting back the G peak to 1588 
cm-1. Later, a similar reversible (n-type) doping was demonstrated employing spiropyrans as 
photochromic molecule.[152] In other experiments, graphene was used as an electrode to 
monitor the change in the current within a layer of photochromic molecules.[153,154] For a full 
overview of the effect taking place when carbon-based materials are decorated by 
photochromic molecules, we refer the reader to a recent review.[155] MoS2 was also employed 
in vertical configuration as a semiconducting material for demonstrating light-switchable 
vertical diodes.[156,157] Moreover, it has been recently shown that the photoluminescence of 
MoS2 on a photochromic monolayer depends on the isomerization of the latter.[156] However, 
to the best of our knowledge, no reports have appeared showing light-tunable characteristics 
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in field-effect devices based on transition metal dichalcogenides/photochromics 
heterostructures.  
While these experiments show the intriguing possibility to modulate the electrical 
characteristics of 2DMs with a physisorbed layer of photochromic molecules, in several cases 
it was not possible to fully explain the mechanisms leading to the measured effects due to a 
lack of control over the nanoscale molecular ordering. A higher control over 
photochromics/2DMs heterostructures will be key to understand and optimize their unique 
photo-responsivity to demonstrate novel devices combining the capabilities derived by the 
molecular layer with the high electronic performances of 2DMs. Finally, we point out that 
other photochromics could be employed in the future in analogous studies to optimize and 
engineer the doping effects. For instance, the modification in the electronic levels of 
diarylethenes might be effective to achieve tuneable charge transfer to 2DM.  
  
5. Molecular assembly in hybrid van der Waals heterostructures: functional materials at 
will 
While in Section 3 and 4 we have discussed how functional groups introduce modifications in 
the electrical characteristics of 2DMs, here we show that a precise control over the molecular 
ordering can lead to further effects which can be manipulated with a high level of control and 
predictability.  
Isolated molecules induce strong modifications in the energetics of 2DMs, which are confined 
within a small quasi-0D region localized around the molecule.[158] This effect is markedly 
different from the homogeneous 2D modifications obtained by interfacing different inorganic 
2D materials.[12,13] In this context, supramolecular chemistry holds a huge potential since it 
allows to arrange molecular groups bearing on-demand functions at desired spatial locations 
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onto the surface of 2DMs with an atomic precision.[34–40] Spontaneous yet controllable self-
assembly can be tuned in order to create highly-ordered molecular lattices on the surface of 
2DMs, in which molecule/substrate interactions repeat themselves periodically at each 
molecular site.  In this regard, the supramolecular assembly might be considered as a bridge 
connecting the quasi-zero-dimensionality of molecules to the two-dimensionality of inorganic 
single layers. 
Several groups have studied the process of molecular self-assembly on graphene in the real 
space by Scanning Tunneling Microscopy.[44–67] These studies often focused epitaxial 
graphene grown onto metallic[47–49,52,54–56,66,67] or semiconducting SiC surfaces[44–
46,50,51,53,57,58,61,64], and recently also on graphene transferred onto insulating SiO2 or Boron 
Nitride.[59,60,62,65,158–163]  
Very often, the molecular arrangement on graphene and on highly oriented pyrolytic graphite 
(HOPG) is analogous.[63] Indeed, the process of molecular self-assembly at surfaces is driven 
by molecule-molecule and molecule-substrate vdW interactions, which are akin for graphene 
and HOPG, and also for most layered materials, including transition metal 
dichalcogenides.[163–165] Therefore, well-established concepts inherited by the three-decade-
long research in supramolecular chemistry at the surfaces[43] can be exploited to controllably 
arrange functional groups on the basal plane of 2DMs.  
While in several cases the molecular assembly and its properties represent the main focus of 
STM studies,[44–67] only a few reports address the effects of a given molecular assembly on the 
electronic properties of 2DMs.[68,159–163] In these cases, an STM study of the molecular 
assembly on a 2DM (typically graphene) is combined to the investigation of the electrical 
properties of the same system, addressed at the macroscopic level (for instance, in devices). 
While in some cases the ordered assembly is investigated as a further characterization 
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complementary to the device study, [159–161,163] in other works it plays a central role. [68,166,167] 
Inspired by the latter works, we will highlight a few results that indicate how the possibility to 
tame the molecular assembly on 2DMs can be exploited to create hybrid vdW heterostructures 
with on-design intrinsic properties. We also highlight here that molecular self-assembly takes 
place on the surface of BN, so that ordered organic semiconductors can be epitaxially grown 
onto an insulating substrates with atomic precision.[108,168] Based on such self-assembled 
semiconductors, organic field-effect transistors with optimized performances could be 
fabricated.[108,168] While this approach is certainly very powerful, it is beyond the scope of this 
Progress Report. Hence, no further highlight on such matter will be given, and we will rather 
focus on the modification induced on the 2DMs. 
 
5.1 Alkane epitaxy on graphene 
In a recent study, Yu et al.[166] demonstrated that the electrical properties of graphene on SiO2 
are improved becoming almost-ideal after the self-assembly on its surface of an epitaxial 
multilayer of the long alkane n-hexatriacontane (HTC, C36H74). The molecule was deposited 
on graphene by drop-casting, and the solvent was slowly evaporated (Figure 7a). In these 
conditions, alkanes were found to self-assemble forming crystalline layers with a thickness of 
approximately 100 nm. An accurate structural investigation of the molecular layer was 
performed by characterizing the growth of the organic layer at different stages making use of 
different techniques. The nanoscale arrangement of the first monolayer on graphene on SiO2 
was studied by STM, as displayed in Figure 7b. HTC molecules were found to adsorb flat on 
the graphene surface, by organizing in a closely packed lamellar structure, as commonly 
observed for long alkyl chains on graphitic surfaces.[35] The SiO2-induced roughness of 
graphene  did not to impede the formation of a well-ordered self-assemblies, which were 
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found to follow graphene morphology. Further, it was shown that the first HTC monolayers 
grew epitaxially on graphene, as demonstrated by the fact that the linear alkane chains are 
aligned along the graphene lattice (shown in Figure 7b, inset). Other characterization 
techniques, such as Selected Area Electron Diffraction (SAED), were employed in order to 
demonstrate that HTC molecules order perpendicularly to the basal plane of the graphene 
surface in the topmost part layer (as schematically shown in Figure 7a).  
The electrical characteristics of graphene devices were measured before and after the 
formation of the HTC film, as portrayed in Figure 7c. The initial characteristics displayed an 
undesired p-type doping, which is commonly observed for graphene measured in ambient 
atmosphere, and is ascribed to the presence of water molecules and oxygen adsorbed on the 
graphene surface.[103] The formation of the HTC film introduces two main effects which were 
recorded in different samples: (i) the charge neutrality point was shifted towards the 0 gate 
voltage – indicative of a significant reduction of the undesired pristine doping; (ii) the 
graphene mobility was increased over three times in the different devices, in the overall 
making the electrical characteristics of graphene similar to those of suspended or BN-
supported graphene.  
These results were found to stem from the strong interaction between graphene and the HTC 
layer. In particular, the reduction of the undesired initial doping can be explained by 
considering that a replacement of water and oxygen adsorbates takes place with inert apolar 
alkane monolayers. The stronger vdW forces of the latter thus act as an effective passivation 
layer that screens the interaction of the 2DM with water and oxygen molecules. More 
specifically, the alkanes push out the undesired contamination (polar) molecules through a 
self-cleaning mechanism similar to that reported for vdWHs based on fully inorganic 
2DMs.[98,169]  
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Instead, the increase in mobility was explained by a more subtle argument, fully supported by 
Density Functional Theory calculations. The interaction of graphene with the adsorbed HTC 
layer (considered as a whole) is stronger than that with the SiO2 supporting layer. This 
interaction has the double effect of flattening the nanoscale graphene roughness, and lifting-
up the graphene from the SiO2 substrate, as evidenced by the DFT calculations summarized in 
Figure 7d. This theoretical finding is supported by a Raman characterization showing an 
increased tensile strain upon adsorption of the self-assembled HTC layer, in agreement with a 
previous report showing that an alkane layer could cause an elastic deformation of graphene. 
This strong HTC/graphene interaction has a positive effect on the two main mechanisms 
which are considered being the dominant sources of mobility degradation in graphene: 
structural corrugations and interaction with charged impurities. The former effect is partially 
relaxed thanks to the HTC-induced flattening, while the latter is a consequence of the 
graphene lifting, which results in a decreased coupling between graphene and the charged 
impurities in the SiO2 substrate.  
This investigation shows that HTC/graphene interactions can be exploited to optimize the 
electrical characteristics of graphene devices, representing a valuable strategy to emulate the 
effect of boron nitride substrates while at the same time offering a processability and up-
scalability not (yet) achievable with BN. In perspective, full encapsulation of graphene 
between top and bottom alkane layers might confer it electrical characteristics rivalling those 
of suspended or BN-encapsulated graphene on boron nitride. We highlight that these results 
were achieved by employing a molecule without specific functional groups, which by itself, 
i.e. at the single molecule level, does not add any introduce any local modification in 
graphene. It is rather the collective effect of an Avogadro number of molecules self-
assembled forming an ordered layer which generates the measured effect. In this regard, this 
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work represents a nice demonstration that molecules, when organized in ordered assemblies, 
can introduce modifications in the characteristics of the 2DMs which are intrinsically 2D and 
non-local.  
 
5.2 Precisely controllable doping in hybrid vdW heterostructures 
One exemplary case in which the control over the nanoscale molecular assembly allows a 
precise tuning of the properties of a hybrid vdWH is provided by the work of Phillipson et 
al.[166] In their study, the authors investigate the electrical properties of graphene covered by 
two different molecules, octadecylamine (ODA) and nonacosylamine (NCA).  The two 
molecules are composed of a NH2 amino head group bound to alkyl chains of different length, 
respectively 18 C atoms for ODA and 29 for NCA. In analogy with the study presented in the 
previous section, the alkyl chains are inserted in the molecule to induce a predictable self-
assembly. Instead, amino groups are known to induce n-type doping on graphene,[111] 
therefore adding a distinctive function to the molecule. The idea at the basis of this study is 
summarized in Figure 8a. The alkyl chains drive a lamellar assembly in which they act as 
spacer between the NH2 dopant groups. Hence, the use of molecules composed of alkyl chains 
with different length and terminating in the same dopant groups enables a precise control over 
the density of dopant species on the graphene surface. In turn, such precise control over the 
dopant density reflects into a tuneable doping effect, elegantly connecting the nanoscale 
molecular arrangement to macroscopic effects measured at the device level. 
 
The nanoscale assembly of ODA and NCA was studied by STM and atomic force microscopy, 
as displayed in Figure 8b. Following the spin-coating of ODA and NCA from solution, 
analogous lamellar assemblies were monitored, in which rows of adjacent NH2 doping groups 
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are separated by the different alkyl chain. Noteworthy, the different length of the alkyl chains 
of ODA and NCA results in a different separation between the doping groups, ultimately 
leading to a tuneable density of NH2 dopants on graphene surface. Based on the STM 
measurements, the amine group density was 1.6 times higher for ODA compared to NCA, in 
agreement with the ratio of the alkyl chain lengths. Significantly, it was demonstrated that the 
same lamellar assembly was encountered on HOPG, on CVD graphene and even on the 
surface of a contacted graphene sheet, despite the presence of lithography residuals and of 
metallic electrodes.   
The doping effect induced by the ODA and NCA on graphene was characterized optically by 
Raman spectroscopy and electrically by the fabrication and characterization of devices. In 
excellent agreement with the nanoscale characterization, a higher degree of doping was 
introduced by the ODA assembly, in which the dopant density at the surface is higher (Figure 
8c). Moreover, the doping introduced in both cases was found to quantitatively scale as the 
density of dopant groups, so that the doping introduced by ODA was 1.6 times larger than that 
of NCA. Interestingly, we note that even in this case the mobility of graphene was improved 
after the deposition of the molecular layer, in agreement with the results of the previous study.  
The precision and predictability of the doping effects demonstrated in this work rival those of 
conventional inorganic semiconductors. Moreover, a similar assembly was encountered for 
very similar molecules on the surface of exfoliated MoS2.[163] Therefore, analogous concepts 
for controlling the doping can be conveyed to the case of actual 2D semiconductor, in which a 
precise control of doping is vital for enabling electronic applications. In perspective, the 
possibility to exploit this approach to demonstrate doping over a spatially confined region on 
the flakes will be necessary to define lateral heterojunctions separating regions characterized 
by different doping within the same 2DM (such as p-n junction).  
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5.3 Periodic potentials in hybrid van der Waals heterostructures 
Molecular self-assembly can be exploited to create a periodic potential on the surface of a 
2DM. By using this approach, one could be capable of modifying profoundly the band 
structure of 2DMs. A strong modification of the graphene band structure by surface periodic 
potentials was studied theoretically,[170,171] and then experimentally demonstrated for the 
exemplary case of graphene on Boron Nitride. In this case, the relative alignment of the 
crystalline directions of the two flakes is extremely important, since it determines the 
periodicity of the potential, and thus its effect on the band structure of graphene.  
We have recently showed that a tuneable 1D periodic modulation of the graphene surface 
energy takes place in hybrid vdWH in which an ordered molecular monolayer is deposited 
onto graphene. We have designed a molecule composed of a head bearing a light-reactive 
diazirine moiety and a linear tail, consisting of a long alkane. The chemical structure of the 
photoreactive headgroup was modified before deposition on graphene by simple irradiation in 
different solvents, which resulted in the incorporation of different atoms and yielded new 
molecules.  
The resulting hybrid vdWH composed of the supramolecular layers of reacted and unreacted 
molecules on graphene was characterized structurally by STM at the nanoscale (Figure 9a 
and b), and electronically in mesoscopic devices. An analogous nanoscale assembly was 
imaged for the initial unreacted diazirine derivative and for the compound obtained by UV-
irradiation in chloroform (Figure 9a and b), displaying the same unit cell parameters on 
HOPG and on CVD graphene on SiO2. Instead, different doping effects were introduced in 
the electrical characteristics of graphene devices by assemblies of the unreacted and UV 
irradiated molecules, demonstrating different interaction between graphene and the molecular 
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heads in the two cases. On the basis of the structural and electronic characterizations, 
computational modelling was carried out to unravel the details of the molecular assemblies. 
The results of the device characterization could be fully explained on the basis of the 
orientation of different molecular dipoles in the head-groups on the graphene surface for the 
unreacted and UV irradiated molecules. The spatial modulation of the potential introduced by 
the orderly-oriented dipoles was calculated on the basis of the simulated assembly, and it is 
displayed in Figure 9 c,d. For both unreacted and UV-irradiated molecules, a 1D periodic 
modulation of the graphene surface energy was calculated, with the same periodicity 
(determined by the periodicity of the assembly) but different amplitudes (determined by the 
graphene/head groups interaction). Therefore, the intrinsic 3-fold symmetry of graphene could 
be broken by a controllable intrinsically-1D molecular decoration.   
A 1D periodic potential similar to that shown in Figure 9c,d with periodicity in the few-nm-
range and amplitude of a few-hundred millivolts was predicted to effectively induce an 
anisotropic propagation of charge carriers in graphene along the different directions of the 
potential.[170,171] A demonstration of anisotropic transport in graphene subjected to such 
molecular 1D periodic potential has not yet been provided, since the electrical measurements 
were performed over micrometric devices covered by several crystalline domains with 
different lamellar orientation. In perspective, the challenge for organic and supramolecular 
chemists will be the design of molecules capable of forming single domains over micro-
metric distances addressable at the device level.  
Conventional top-down approaches fail to reach the same resolution and accuracy, even when 
pushed to their extreme.[172] Indeed, the supramolecular assembly is self-aligned onto the 
graphene lattice, since its growth is templated by the crystalline directions of high symmetry 
in the substrate. Such self-alignment markedly differs from that of fully-inorganic vdWH, in 
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which the alignment between different 2DMs micrometric flakes is usually controlled by 
optical means during the mechanical superimposition of the different materials.[14] Moreover, 
we highlight that the amplitude and periodicity of induced potential can be anticipated and 
thus programmed by molecular design. In the same way, not only 1D, but any geometries can 
be achieved through the choice of proper molecular units forming the assembly.  
Finally, the possibility to control molecular self-assembly to position individual dopant 
groups at desired spatial locations can be extended to the case of transition metal 
dichalcogenides (such as WSe2 and MoS2), since the molecular arrangement at the surface of 
all van der Waals substrates is analogous.[108,163,164,168] In semiconducting materials, Coulomb 
interactions are capable of modifying the energy levels locally generating p-n heterojunctions 
within single layer with interfaces as sharp as a few unit cells, as recently calculated for the 
case of single layer MoS2.[173] Therefore, we propose the study of a system similar to that 
shown in Figure 10, in which a p-type molecular dopant (such as F4TCNQ) co-assembles 
with inert alkyl chains onto MoS2, to give rise to a lamellar assembly in which parallel rows 
of dopant groups are separated by the inert chains. In this case, one could precisely define 
alternating hole- or electron- rich regions, which might act as a series of consecutive p–n 
junctions at the molecular scale, in which the intrinsic n-type character of MoS2 is locally 
modified by the local molecular doping. We are not aware of theoretical studies addressing 
the electronic or optical properties of such structures, but one might expect a modulation of 
the energetics of the MoS2 band structure analogous to that shown in Figure 10c, with 
multiple potential wells which might give rise to anisotropy in the electrical conduction and 
affect profoundly the optical properties of the 2DM. We highlight that a similar modulation of 
the band structure of semiconductors is obtained at another dimensionality in 3D 
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heterostructures composed of different epitaxial layers, providing evidence for the interest in 
analogous structure for fundamental physics and technological applications.  
 
6. Conclusions 
In this Progress Report, we have discussed recent works in which 2DMs are combined to 
organic molecules, highlighting possible exciting developments of the field. We have pointed 
out that while individual molecules introduce local variation in the energetics of 2DMs, a 
large number of molecules collectively interacting with 2DMs introduces macroscopic 
modulation in the 2DMs properties. The molecular ensemble can be regarded as a continuous 
and homogeneous layer which interacts with 2DMs through vdW forces similar to those 
keeping together different 2DMs in vdWHs. In this framework, molecule/2DMs systems can 
be considered the hybrid equivalent of vdWHs, and in analogy to the fully inorganic version 
they can be used either for the demonstration of novel device architectures or for the creation 
of functional materials with properties on demand. The analogy between fully inorganic and 
hybrid vdWHs is even more profound, since molecules self-assemble forming ordered, 
crystalline 2D monolayers on the surface of 2DMs, which can be integrated in vertical stacks 
of materials. Moreover, thanks to the decades-long advances in supramolecular chemistry, the 
molecular assembly can be predicted and programmed at the synthesis stage, leading to self-
assemblies which spontaneously align to the crystal structure of 2DMs with atomic precision. 
While these systems are starting to be explored, the field is open for new ideas and 
discoveries, as we have highlighted by discussing several possible future developments for the 
field. From a technological perspective, hybrid vdWHs might enable the demonstration of 
unprecedented multifunctional light-emitting gate-tunable devices. From a more fundamental 
point of view, the supramolecular control over the nanoscale assembly could be readily 
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extended to other semiconducting 2D materials and to other molecules, in which not only 
dopant groups, but other on-demand capabilities can be positioned with atomic position. For 
instance, one could control and optimize the positioning of magnetically active molecules 
with uncompensated spins over 2DMs, and alter the magnetic properties of the resulting 
material. Moreover, precise control over the nanoscale assembly of molecular switches might 
allow to better understand the mechanisms leading to macroscopic effects, and hence optimize 
the conductance switch in high performance devices. Finally, an experimental proof of the 
effect of supramolecular periodic potentials on the fundamental properties of 2DMs might 
open new horizons for the creation of functional materials at will. All the examples we have 
discussed above deal with bilayer systems, in which an organic (mono)layer covers the 2DM 
surface. However, by exploiting the same strategies, more sophisticated multi-layered 
structures could be conceived and realized, thereby building the foundations of a new class of 
hybrid materials for unconventional opto-spin-electronics. 
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Figure 1. 2D materials obtained from different inorganic layered crystals can be combined to 
form artificial stacks of materials with on-purpose properties, the so-called van der Waals 
heterostructures. As such, individual sheets of 2D materials were compared to LEGO 
planes[12], which can be manipulated and superimposed to obtain more complex structures (a). 
Following the same analogy, one could consider molecules as smaller LEGO bricks with 
different shapes and characteristics (b), representing an almost infinite class of diversified 
materials which can be combined with inorganic 2D sheets to form organic-inorganic 
structures (c). Importantly, molecules form ordered structures with thickness varying from 
single layer up to tens-hundreds of nm on 2D materials (c), which can be integrated in vertical 
stacks. Similarly to the fully inorganic case, the properties of these novel heterostructures are 
determined by the interactions between individual building blocks and the 2D material. 
a) b)
c)
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Figure 2. (a) Device architecture of antiambipolar transistors: MoS2 is used as the n-type 
region of a p-n heterojunction, while different hole-transporting organic semiconductors act as 
the p-type region. (b) 3D plot of the transfer curves measured at different applied gate and 
drain potentials in MoS2/pentacene devices. Diode-like characteristics are measured only at 
intermediate gate voltages, so that the device can be considered an anti-ambipolar transistor. 
(c) Transfer characteristics of the p-n heterojunction compared to those of the separately 
measured MoS2 and pentacene layers. (d-e) Optical image of a MoS2/pentacene device and 
corresponding photocurrent map. (b-e) Reproduced with permission.[72] Copyright 2016, 
American Chemical Society. 
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Figure 3: (a) Device architecture of barristors: an organic semiconductor is sandwiched 
between top metal and bottom graphene electrodes. (b-c) Working mechanism of the 
graphene-based barristor. The energy barrier for charge injection at the graphene/organic 
interface is modified by the back gate, resulting in a modulation of the injected current. (d) 
Gate effect on the I-V characteristics of the vertical transistor (in linear and log scale), as 
measured for a graphene/C60/Al vertical structure. (e) Complementary inverter fabricated by 
connecting an n-type and a p-type vertical transistors. (f) A vertical light-emitting transistor 
could be demonstrated by sandwiching a light-emitting p-n junction between two graphene 
electrodes with a back-gate. In these conditions, light emission could be switched ON and 
OFF by a proper gate voltage. (d) Reproduced with permission.[74] Copyright 2015, American 
Chemical Society. (e) Reproduced with permission.[105] Copyright 2015, WILEY-VCH. 
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Figure 4: (a) Neutral benzyl viologen molecules are physisorbed on nultilayer MoS2, 
inducing charge transfer and n-doping. (b) Energy alignment between the conduction band 
edge of MoS2 and the reduction potential of and benzyl viologen. Due to the relative position 
MoS2 conduction band and HOMO of the benzyl viologen, electron transfer from the 
molecule to MoS2 is energetically favorable. (c) Effect of neutral benzyl viologen molecules 
onto the electrical characteristics of MoS2. The sizeable shift of the threshold voltage towards 
more negative values is indicative of a strong n-type doping. (d) An octadecyltrichlorosilane 
(OTS) layer introduces p-type doping onto WSe2, due to aligned molecular dipoles (e), which 
shift the WSe2 work function. (f) Effect of the OTS layer onto the electrical characteristics of 
WSe2. The shift of the threshold voltage towards more positive values is indicative of 
moderate p-type doping.(a-c) Reproduced with permission.[123] Copyright 2014, American 
Chemical Society. (d-f) Reproduced with permission.[117] Copyright 2015, American 
Chemical Society.  
a) b) c)
d) e) f)
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Figure 5: (a) Transfer characteristics of bilayer graphene on SiO2, on an amino SAM and 
covered by a F4TCNQ layer. The ION-IOFF ratio is increased by the presence of molecules as 
compared to the pristine case, indicating the opening of a bandgap in the bilayer 
graphene/organic systems. (b) Molecules introducing significant electric fields across bilayer 
graphene are effective in opening a bandgap in the latter, by breaking its inversion symmetry. 
(c) The superconductivity of an In monolayer epitaxially grown on Si is modified by the 
presence on its surface of two phthalocyanines coordinating different metal ions (Mn, Cu). (d) 
In the case of MnPc, the superconductivity is largely suppressed, while in the case of CuPc (e) 
the transition temperature is increased. (a,b) Reproduced with permission.[135] Copyright 2012, 
WILEY-VCH. (c,d) Reproduced with permission.[81] Copyright 2017, American Chemical 
Society. 
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Figure 6: (a) Measurement setup for sensing the molecular spin state in spin crossover (SCO) 
molecules. A four-probe contact configuration was employed to measure the transfer 
characteristics of CVD graphene before and after decoration with nanoparticles composed of 
SCO. (b) Measurement of the electrical characteristics of graphene/SCO system as a function 
of temperature for heating (top) and cooling (bottom) modes. (c) Temperature dependence of 
the resistance at the Dirac point, showing a clear hysteresis which follows the SCO switch. (d) 
Cartoon of the device employed for modulating the graphene conductivity through 
azobenzene (AZO) photochromic molecules. (e) Electrical characterization of the 
graphene/AZO bilayers. The I-V trace of the pristine graphene device is shown in black (top 
panel); after deposition of an AZO film in the trans state, the Dirac point shifts towards 
b)
c)
a)
e)
f)
d)
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positive values (p-type doping, red trace); after subsequent UV irradiation the Dirac point 
drifts back towards zero (blue trace). Irradiation with UV light effectively recovers the 
conductance of the trans state. (f) Raman characterization of the graphene/AZO bilayers. The 
shift in the G-peak position fully supports the electrical characterization. (a-c) Reproduced 
with permission.[145] Copyright 2017, American Chemical Society. (d-f) Reproduced with 
permission.[148] Copyright 2012, American Chemical Society.  
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Figure 7: (a) Ordered crystalline structures of the long alkane n-hexatriacontane form on 
graphene surface by drop-casting and upon slow evaporation of the solvent. (b) STM images 
of the molecular layer at the initial stage of crystal growth. The alkanes lie flat on graphene, 
forming a lamellar assembly which follows the roughness of graphene on SiO2. (c) Transfer 
characteristics of clean graphene and of the alkane/graphene heterostructure. After the 
formation of the crystal, the mobility improved and the charge neutrality point was shifted 
close to zero. (d) Density Functional Theory calculations of the graphene layer roughness 
before and after formation of the alkane crystal. In the top image, red (blue) corresponds to 
regions which are lifted (lowered). At the bottom, the calculated profile along the same line 
before and after the crystal formation is shown. The graphene layer is flattened and lifted 
from the surface by the presence of the alkane layer. Reproduced with permission.[167] 
Copyright 2017, WILEY-VCH.  
a) b)
c) d)
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Figure 8: (a) Cartoon of the main idea behind the tunable doping. Molecules composed of a 
NH2 dopant group attached to alkyl chains of different lengths were used to introduce 
controllable doping. The chain length determined the density of dopant groups on the 
graphene surface, and thus the doping strength. (b) STM images of the assembly of 
octadecylamine (ODA) and nonacosylamine (NCA), revealing a smaller unit cell in the ODA 
case, and correspondingly a higher density of dopant heads. (c) Electrical characterization of 
graphene devices before and after the deposition of an ODA and an NCA layer. In both cases, 
the charge neutrality point shifted towards more negative values, indicating n-type doping. In 
excellent agreement with the STM results, the effect was stronger for the ODA case, for 
a)
c)
ODA NCA
b)
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which the density of dopant groups at the surface was higher. Reproduced with permission. 
[166] Copyright 2017, Royal Society of Chemistry.  
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Figure 9: (a) STM image of lamellar self-assembly of the molecule employed in this study, 
composed of a photoreactive head group and an alkyl chain; (b) STM image of the self-
assembly of the molecule reacted under irradiation with UV light in chloroform. While the 
unit cell extracted by the STM images (a) and (b) was analogous, the doping introduced by 
the two assemblies onto graphene devices was significantly different. (c-d) Spatial 
distribution of the electrical potential generated by the molecular dipoles of the unreacted (c) 
and photolyzed compound (d), calculated on the basis of their nanoscale assemblies. In both 
cases, the molecular layers introduce a 1D periodic potential, with analogous periodicity 
(determined by the linear chains) but different amplitude (determined by the 
graphene/headgroups interaction). Adapted with permission.[68] Copyright 2017, Nature 
Publishing Group.  
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Figure 10: (a) The combination between an n-type 2D semiconductor (MoS2) with a p-type 
molecular dopant (F4TCNQ) and alkanes might lead to a hybrid material with novel properties. 
(b) Top view of a possible geometry for the co-assembly of F4TCNQ and alkanes on MoS2, in 
which rows of dopants are separated by alkyl chains. In such co-assembly, the p-dopant 
would induce p-type regions locally (represented as blue areas) separated by the intrinsically 
n-type MoS2 below the alkyl chains, and forming a serie of p-n heterojunctions. (c) Side view 
of the same assembly on MoS2, with a simplified sketch of the expected modulation in the 
conduction and valence bands of the latter. The potential introduced by the molecular layer 
might dramatically change the electronic and optical properties of MoS2. 
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